Abstract: Lowest reported threshold organic semiconductor VCSEL (4.9 μJ/cm 2 ) is achieved when excitons coherently couple, upon sub-picosecond non-resonant optical excitation. Temperature dependence of λ/2n device, absent in ≥ λ/n cavities, indicates excitons undergo condensate-like phase transition. Here we report the first demonstration of laser action in a solid state organic semiconductor VCSEL of cavity length (L c ) λ/2n, where the microcavity consists of dielectric and metals mirrors, as shown and described in Figure 1 (a). The organic gain layer is optically excited and laser emission is collected through the dielectric Bragg reflector (DBR). The device exhibits laser action from DCM at a threshold of 4.9 μJ/cm 2 when non-resonantly excited at 535 nm with 150-fs laser pulses. Lasing is confirmed by supra-linear input-output power dependence and by spectral and spatial line narrowing above threshold (Figure 1b, 1c). Moreover, when the optical excitation is polarized, the laser emission from the device strongly follows the polarization of the pump light. All prior demonstrations of laser action in solid state organic VCSEL structures have utilized either gain layers of at least 3 times the thickness or have relied on higher finesse all dielectric microcavities [1, 2] . This demonstration of laser action represents a 26-fold improvement in laser threshold over previous reports that used similar gain and mirror materials [1].
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The key factor in achieving lasing with this markedly reduced threshold is utilization of 150-fs excitation pulses. The observed threshold is 31 times lower than calculations predict, based on the steady-state photoluminescence cross-section for DCM, and corresponds to excitation of at most 3.2% of the DCM molecules. The reduced threshold obtained for 150-fs excitation is not specific to a λ/2n cavity. In fact, λ/n and 3λ/2n cavities show a 20-fold reduction in energy density threshold when compared to 10-ns pulsed excitation (thicker L c data not shown).
(a) Device design and cross-sectional TEM image of a λ/2n Organic semiconductor VCSEL consisting of a dielectric Bragg reflector (DBR), organic semiconductor gain layer, and silver mirror. The DBR is comprised of 6.5 pairs of sputter-coated TiO 2 and SiO 2 layers that serve as the high and low refractive index layers (n TiO2 = 2.41 and n SiO2 = 1.46) of thickness 61.7 nm and 101.9 nm, respectively. The organic gain layer is a thermally evaporated 156.7 nm thick film of Alq 3 host doped 2.8% by weight with the laser dye DCM serving as the gain material. The sample is excited at θ = 60° from normal using TM polarized laser light focused down to a spot size of 0.001 cm 2 as measured on the sample plane. (b) Input/Output power dependence upon direct DCM excitation (λ ex = 535 nm) shows lasing threshold at 4.9 μJ/cm 2 incident power and superlinear slope α = 2.29 when fit to power law, y = mx To better understand the physics of these devices, we examined the temperature dependence of the threshold for coherent light emission. The power dependence for the λ/2n cavity device showed pronounced variation with temperature compared to the λ/n and 3λ/2n cavity devices (Figure 3 ). For the λ/2n device, threshold is significantly reduced with decreasing temperature. From the Fig. 3 data, the temperaturedependent threshold is extracted and converted to an excitation density per unit volume in normalized units by setting the thickness L c = λ/2n equal to 1 (See Figure 4) . The λ/n and 3λ/2n cavity devices show a slight threshold reduction with decreased temperature, commensurate with the increase in photoluminescence quantum yield (~17%) observed for DCM over this temperature range. In contrast, the λ/2n device shows a factor of two change in threshold. The plotted excitation-densities are scaled with the thickness L c = λ/2n set equal to 1. The λ/n and 3λ/2n cavity devices show similar excitation densities per unit volume and corresponding reduction in threshold with temperature. In contrast, the thinner λ/2n cavity device shows higher threshold and larger temperature dependence.
These results indicate that two interrelated effects are occurring in the devices. First, for all L c investigated, 150-fs excitation enhances the DCM spontaneous emission cross-section by virtue of the pump pulse being shorter than the dephasing time of DCM, which is on the order of 1 ps. Second, for λ/2n modal confinement, the pronounced temperature dependence indicates the excitons are in fact coherently coupling via a cavity mediated long-range dipole-dipole interactions [3, 4] . In this case, fast optical pumping generates, within the exciton coherence time, the critical exciton population required for the excitons to spontaneously couple and exhibit a condensate-like second-order phase transition [5] .
